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Abstract Streptococcus thermophilus B59671 pro-
duces a bacteriocin with anti-pediococcal activity, but
genes required for its production are not characterized.
Genome sequencing of S. thermophilus has identified
a genetic locus encoding a quorum sensing (QS)
system that regulates production of class II bacterio-
cins. However, in strains possessing this gene cluster,
production of bacteriocin like peptides (Blp) was only
observed when excess pheromone was provided. PCR
analysis revealed this strain possessed blpC, which
encodes the 30-mer QS pheromone. To investigate if
BIpC regulates bacteriocin production in S. thermo-
philus B59671, an integrative vector was used to
replace blpC with a gene encoding for kanamycin
resistance and the resulting mutant did not inhibit
the growth of Pediococcus acidilactici. Constitutive
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expression of blpC from a shuttle vector restored
the bacteriocin production, confirming the blp
gene cluster is essential for bacteriocin activity in
S. thermophilus B59671.
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Introduction

Lactic acid bacteria (LAB) which are used in the
production of fermented foods have been designated
as GRAS (generally regarded as safe) organisms and
their bacteriocins, which are small, ribosomally
encoded, antimicrobial peptides, have garnered atten-
tion as potential food-grade biopreservatives (Mills
et al. 2011). However, nisin, a lantibiotic naturally
produced by select strains of Lactococcus lactis subsp.
lactis, remains the only bacteriocin approved for use
as a food ingredient by the US Food and Drug
Administration (Federal Register 1988).

Several strains of Streptococcus thermophilus, a
thermophilic LAB used in the production of yogurt
and cheeses, produce bacteriocins with some display-
ing broad spectrum activity against food-borne patho-
gens and spoilage bacteria (Ward and Somkuti 1995;
Villani et al. 1995; Marciset et al. 1997; Ivanova et al.
1998; Mathot et al. 2003; Gilbreth and Somkuti 2005;
Kabuki et al. 2009). Of these bacteriocin-producing
strains, the genetic elements required for expression

@ Springer


http://dx.doi.org/10.1007/s10529-012-1095-0

408

Biotechnol Lett (2013) 35:407-412

have only been reported for thermophilin 13 (Marciset
et al. 1997) and the lantiobiotic, thermophilin 1277
(Kabuki et al. 2009). Through the use of comparative
genomics, a gene cluster resembling part of the
bacteriocin-like peptide (blp) locus of Streptococcus
pneumoniae (de Saizieu et al. 2000) was identified
in three non-producing strains of S. thermophilus:
LMD-9, CNRZ1066 and LMGI18311 (Hols et al.
2005). Genes encoding for potential bacteriocins were
identified by the presence of a two glycine (Gly) leader
peptide required for secretion; and the components of
a regulatory quorum sensing (QS) system were
encoded on two operons. One operon consisted of
three genes encoding an ABC-transporter (blpA), a
transport accessory protein (blpB), and a QS phero-
mone (bIpC); the second operon contained two genes
encoding a histidine kinase (blpH) and response
regulator (bIpR). For strains LMGI18311 and
CNRZ1066, the lack of bacteriocin production was
based on the presence of a truncated BlpB which
prevented the processing and secretion of the QS
pheromone (Hols et al. 2005; Fontaine et al. 2007). In
S. thermophilus LMD?9, all components of the QS
system were intact, and overexpression of blpC from a
multicopy plasmid or supplementation of the growth
medium with the BlpC pheromone, elicited bacterio-
cin production. Further analysis of the blp gene cluster
in LMD?9 revealed that the transcript for bl[pABC was
unstable, thus the pheromone was unable to accumu-
late and turn on bacteriocin production under standard
growth conditions (Fontaine et al. 2007).

This study was carried out to investigate if the
BlpC-mediated QS system was required for the
production of a broad spectrum bacteriocin constitu-
tively expressed by S. thermophilus B59671. The
initial characterization of this bacteriocin showed a
dramatic increase bacteriocin production at mid- to
late-growth phase when the culture reached an ODgqg
(Gilbreth and Somkuti 2005). This may represent a
population density where the accumulation of QS
pheromone has surpassed a threshold level, resulting
in the production of bacteriocin. To test this hypoth-
esis, an integrative vector was constructed for remov-
ing blpC from the S. thermophilus B59671 genome
without disrupting the other components of the blp
gene cluster. The results of this study will provide
novel information on whether BlpC has a regulatory
role in S. thermophilus strains designated as bacterio-
cin producers.
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Materials and methods
Bacterial strains and plasmids

Streptococcus thermophilus B59671 (NRRL, Agricul-
tural Research Service Culture Collection, NCAUR-
USDA, Peoria, IL, USA) and Enterococcus durans
41D (laboratory collection) were grown in tryptone/
yeast extract/lactose (TYL) broth, pH 6.5 at specified
temperatures, and Pediococcus acidilactici strain F
(gift from B. Ray, University of Wyoming) was grown
in deMan, Rogosa and Sharpe medium (MRS) at
37 °C. Escherichia coli DH50, was grown in brain
heart infusion (BHI) medium at 32 °C. When appro-
priate, TYL was supplemented with 15 pg erythro-
mycin/ml or 150 pg kanamycin/ml; and BHI was
supplemented with 150 pg erythromycin/ml. The
integrative vector pKSI was a gift from K. Shatalin
(New York University School of Medicine), and
construction of the shuttle vector pMEUS5a was
described previously (Solaiman and Somkuti 1993).

DNA cloning procedures

Restriction endonucleases, T4 DNA ligase and Taq
polymerase were purchased from New England Bio-
Labs (Beverly, MA, USA) and PCR primers were
obtained from Integrated DNA Technologies (Coral-
ville, IA, USA). PCR amplification of DNA fragments
was performed using the oligonucleotide primers
listed in Supplementary Table 1 and the following
protocol: 5 min at 95 °C; followed by 35 cycles of
95 °C for 30 s, 45-50 °C for 30 s and 74 °C for
1 min/kb DNA; with a final extension at 74 °C for
5 min. PCR products were visualized on a 1 %
agarose gel in TAE (0.04 M Tris/0.02 M acetic acid/
0.001 M EDTA, pH 8.0) and purified using the
QIAquick PCR purification kit (Qiagen Inc, Valencia,
CA, USA). Nucleic acid sequencing of amplified DNA
fragments was performed using an ABI PRISM 3730
(Perkin-Elmer, Wellesley, MA, USA) DNA analyzer
with ABI PRISM Big Dye terminator cycle sequenc-
ing reagent, and further analyzed using Sequencher
4.9 (Genes Codes Corp, Ann Arbor, MI, USA).

The overlapping PCR protocol used to fuse the
DurA leader peptide with the 30-mer QS induction
peptide of BlpC was carried out in two steps. An initial
PCR reaction was used to fuse the durA DNA
fragment amplified with the Sec 1 and 2 primer pair,
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and the blpC fragment amplified with the BlpC 2 and 3
primer pair. The blpC DNA fragment contained 24
nucleotides homologous to the 3’-end of the durA PCR
product which allowed for their fusion using the
following PCR conditions: 95 °C 5 min; followed by
16 cycles of 95 °C for 30 s, 50 °C for 30 s and 74 °C
for 45 s. After these initial 16 cycles the PCR reaction
was paused and the Sec 1 and BlpC 2 primers were
added to amplify the durA/blpC fusion product using
the following conditions: 35 cycles of 95 °C for 30 s,
48 °C for 30 s and 74 °C for 45 s; with a final
extension at 74 °C for 5 min. The final product was
analyzed by nucleic acid sequencing to confirm proper
fusion of the DNA fragments.

Plasmids were isolated from E. coli DH50 using
the Qiagen Midi kit or by alkaline lysis followed by
CsCl/ethidium bromide ultracentrifugation (Stougaard
and Molin 1981). Plasmid transformation was per-
formed by heat-shock (Sambrook et al. 1989) using
freshly prepared E. coli competent cells; or by
electrotransformation into S. thermophilus (Somkuti
and Steinberg 1988).

Bacteriocin assays

Bacteriocin production was measured using an agar
diffusion method described previously (Gilbreth and
Somkuti 2005). Briefly, S. thermophilus cultures were
grown overnight in TYL medium at 37 °C, after which
the cell-free supernatants were collected. Cell-free
supernatants were loaded into precast wells (45 pl) in
MRS agar seeded with P. acidilactici F (0.3 % v/v).
Plates were allowed to equilibrate at 4 °C for 3 h, and
then incubated at 37 °C and examined for zones of
inhibition. Agar diffusion assays were repeated a
minimum of three times.

Results and discussion
Construction of pSTKOC

Initially primers were designed based on the
reported blpC sequence from S. thermophilus LMD9
(Makarova et al. 2006) to check if the gene was present
in the S. thermophilus B59671 genome. The primer
pair, BlpC 1 and 2, successfully amplified a 0.19 kb
DNA fragment from S. thermophilus B59671 (data
not shown), and subsequent nucleic acid sequence

analysis confirmed that it encoded a 53 amino acid
peptide identical to the BIpC peptide reported for
LMD?9 (Fontaine et al. 2007). The presence of blpC
was also reported in the first two S. thermophilus
genomes completely sequenced, CNRZ1066 and
LMG18311 (Bolotin et al. 2004), and was identified
in the recently sequence strains NDO3 (Sun et al.
2011), MN-ZLW-002 (Kang et al. 2012) and JIM8232
(Accession number: NC 017581). These data show
that biIpC is highly conserved within S. thermophilus
strains, yet its role as a QS pheromone, regulating the
production of a bacteriocin, has only been demon-
strated in LMD9 when the concentration of BlpC was
artificially increased. Overexpression of blpC from a
multi copy plasmid or the addition of a synthetic
30-mer fragment BlpC was shown to induce bacterio-
cin expression in LMD9 (Fontaine et al. 2007), but
a regulatory role for BIpC has not been shown for
S. thermophilus strains designated as natural bacterio-
cin producers.

S. thermophilus B59671 produces a broad spectrum
bacteriocin called thermophilin 110, but the genes
encoding this bacteriocin and proteins regulating its
expression have not been identified. The kinetics of
thermophilin 110 production, which showed optimal
expression at a high cell density (Gilbreth and Somkuti
2005), suggest that bacteriocin production may be
regulated by a quorum sensing system. To investigate
if BlpC played a regulatory role in the production of
thermophilin 110, the integrative vector pPSTKOC was
constructed to remove blpC from the S. thermophilus
B59671 chromosome without disrupting other com-
ponents of the blp gene cluster (Fig. 1). PCR primers
were designed to amplify the 3’-end of blpB and blpH
from this strain, since it was reported that these genes
are located immediately upstream and downstream
of bilpC, respectively, in the characterized blp gene
clusters of LMD9, CNRZ1066 and LMG18311 (Hols
et al. 2005). The BlpH 1 and 2 primer pair amplified
a 719 bp DNA fragment from B59671 that included
the 3’ end of bipH, and contained Kpnl and Xhol
recognition sequences. Following digestion with these
restriction endonucleases the blpH DNA fragment was
inserted within the multiple cloning site (MCS) of
pKS1, located downstream of the kanamycin resis-
tance gene (Shatalin and Neyfakh 2005). Next, the
BlpB 1 and 2 primer pair were used to amplify a
726 bp DNA fragment of blpB from B59671, which
contained recognitions sequences for Spel and Pstl,
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Fig. 1 Plasmid map of integrative vector pSTKOC, and an
illustration of the S. thermophilus B59671 bip locus following
replacement of blpC with a kanamycin resistance gene (kan).
The bipB and bipH include the 3’ end of each gene; TS RepA is
the temperature sensitive origin of replication; and erm encodes
for erythromycin resistance. The illustration of the chromo-
somal blp locus shows that kan was inserted in the same
orientation as bIpC in the parent strain, and that both blpB and
blpH were reconstituted after insertion of kan

allowing for its insertion within pKS1-blpH at the
corresponding sites located in the MCS upstream of
the kanamycin resistance gene. In the resulting
plasmid, pSTKOC, the blpH and bipB gene fragments
were positioned in opposite orientation, similar to how
they were reported to reside on the chromosomes of
LMD?9, CNRZ1066 and LMG18311 (Hols et al. 2005).
This was essential to ensure that the chromosomal
copies of blpB and blpH remained intact after the two
homologous recombination events (Fig. 1). Proper
construction of pSTKOC was confirmed by digeston
with Kpnl, which resulted in the presence of two DNA
fragments of 2.3 and 4.1 kb (data not shown).

Inactivation of blpC in S. thermophilus B59671

S. thermophilus B59671 was electrotransformed with
pSTKOC, and transformants were selected for on TYL
agar containing erythromycin at 30 °C, a permissive
temperature for the replication of pKSlI-derrived
plasmids in S. thermophilus (Renye and Somkuti
2012). Transformants were screened by PCR with the
Kan Fwd and Kan Rev primer pair, which resulted in
the amplification of a 715 bp DNA fragment confirm-
ing the presence of pSTKOC. The transformants were
then subcultured at 42 °C in TYL broth with Em to
allow for a single crossover event at either blpB or
blpH. Clones with the integration occurring within
blpB were identified by PCR using the BlpC 2 and Erm
Rev primers, which amplified a 1.7 kb DNA fragment.
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Fig. 2 Effect of removing blpC from the S. thermophilus
B59671 chromosome. Bacteriocin activity (top) was measured
by well-diffusion assay with using Pediococcus acidilactici F as
the target bacterium. PCR confirmation of the double homol-
ogous recombinant event for replacing bipC with kan in the blp
locus. Left to Right: S. thermophilus B59671 mutant (bipC™); S.
thermophilus B59671 parent strain; pSTKOC. Amplification
products: Lane I: kan (kanamycin resistance); Lane 2: bilpC;
Lane 3: erm (erythromycin resistance)

Integration within blpH was confirmed in only one
clone as a 2.3 kb DNA fragment was amplified with
the BlpC 1 and TS Rep 1primers. Clones in which a
single homologous recombination event occurred
were grown at 30 °C (five passages) in the absence
of antibiotic to allow for the second recombination
event to occur. The cultures were then transferred to
TYL containing kanamycin and grown at 37 °C;
cultures that grew were transferred to TYL containing
Em and incubated at 37 °C. Cultures that grew in the
presence of kanamycin and not in EM were chosen to
be screened for bacteriocin production with P. acid-
ilactici F as the target bacterium. Of the cultures
screened, six had lost their anti-pediococcal activity as
evidenced by the lack of inhibition zones on a well-
diffusion assay (Fig. 2). PCR analysis was used to
further confirm the removal of blpC by a double
homologous recombination event within the S. ther-
mophilus B59671 chromosome. In the cultures lacking
anti-pediococcal activity the 715 bp DNA fragment,
corresponding to the kanamycin-resistance gene, was
amplified but blpC and the erythromycin resistance
gene were not, confirming their removal from the
chromosome (Fig. 2). In comparison, only blpC could
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be amplified by PCR in the parent strain S. thermo-
philus BS9671.

Constitutive expression of BlpC in S. thermophilus
B59671 restores bacteriocin activity

To ensure that the loss of bacteriocin activity was due
to the removal of blpC from the S. thermophilus
B59671 chromosome, a shuttle vector was constructed
to constitutively express BlpC in this mutant. Over-
lapping PCR was used to create a fusion gene
encoding the 30-mer QS peptide of BlpC (Fontaine
et al. 2007) fused with the 28-mer leader peptide from
durancin GL (sec) to allow for secretion of the QS
peptide via the S. thermophilus general secretory
pathway (Du et al. 2012). Normally the QS peptide is
processed and secreted by BIpA and BlpB, however,
the use of an alternate leader peptide separated the
processes of QS peptide and bacteriocin production.
The fusion gene was cloned into pUC18, downstream
of a previously cloned S. thermophilus 2201 promoter
which has been shown to regulate the constitutive
expression of recombinant genes in ST (Somkuti and
Solaiman 1997). The P2201/sec/blpC construct was
amplified with the P2201 and BlpC 4 primer pair and
subcloned into the shuttle vector pMEUS5a (Solaiman
and Somkuti 1993), resulting in the vector pSTblpC
(Fig. 3). Proper construction of the vector was
confirmed by PCR amplification and subsequent
nucleic acid sequencing of the P2201-sec-blpC frag-
ment (data not shown). The expression vector was
introduced into the S. thermophilus B59671 blpC
knock out mutant by electroporation, with transfor-
mants selected on TYL Em. Potential transformants
were initially screened by PCR and the 376 bp
fragment corresponding to the P2201/sec/blpC con-
struct was successfully amplified in six clones. All six
clones also produced bacteriocin when cell-free
supernatants were used in a well-diffusion assay with
P. acidilactici F as the target bacterium (Fig. 3). It was
noted that the constitutive expression of BlpC in the
mutant strain resulted in smaller inhibition zones
(wells 3-8) when compared to the parent S. thermo-
philus B59671 culture (well 1). It is believed that this
is due to the constitutive expression of blpC from
pSTblpC; when normally expression of the bIpABC
operon is induced as the QS threshold has been
reached, resulting in increased production of bacte-
riocin. This result also confirms that blpB and bipH

Fig. 3 Effect of constitutive blpC expression from pSTblpC on
bacteriocin expression in knock out mutant. Plasmid map of
pSTblpC (top). bla and erm encode for ampicilin and
erythromycin resistance genes respectively; repA: gram-
positive origin of replication; P2201-sec-blpC: fusion gene
encoding DurA leader peptide fused to 30-mer BIpC, under
transcriptional regulation of the S. thermophilus 2201 promoter.
Bacteriocin expression measured by well-diffusion assay
(bottom): Well 1: S. thermophilus B59671 parent strain; Well
2: blpC™ mutant strain; Wells 3-8: six clones of blpC™~ strain
transformed with pSTblpC

were reconstituted correctly following the double
crossover event, as the mutant strain could process and
secrete an active bacteriocin (BlpB-mediated) and
respond to the constitutive expression of BlpC (BlpH-
mediated).

To our knowledge this is the first report that showed
the BlpC-mediated QS system naturally regulating the
expression of a broad spectrum bacteriocin in a strain
of S. thermophilus. Previous studies which focused on
this QS system required the addition of the BlpC
peptide, either by overexpression from a multi copy
plasmid or as a component of the growth medium, to
activate bacteriocin production. It is believed that
further studies on the QS systems from B59671 and
LMD9 would provide valuable information to deter-
mine the regulatory elements which allow this QS-
system to function properly in S. thermophilus.
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